Introduction
============

Cyanide is a compound known to stimulate germination and to release dormancy of seeds of many species ([@bib48]; [@bib41]; [@bib3]; [@bib8]; [@bib1]). Seed dormancy is defined as the property of a seed that prevents its germination in apparently favourable conditions ([@bib18]). Despite the well-described effects of cyanide on germination and dormancy, the cellular bases of its mechanism are poorly understood, and seem moreover to vary from one species to another. Different hypotheses have been proposed to explain the stimulatory effect of cyanide on germination and dormancy ([@bib9]). According to [@bib48], the cyanhydric gas could react with [L]{.smallcaps}-cysteine to give the β-[L]{.smallcaps}-cyanoalanine necessary for the synthesis of arginine and aspartic acids which could be limiting factors for germination. Hagesawa *et al.* (1994) suggested that this increase in the amino acid pool might also promote germination by decreasing the water potential in embryonic axis. However, other respiratory inhibitors which are not metabolized, such as NaN~3~ or Na~2~S, have the same effect as KCN in various species ([@bib41]; [@bib9]). Some studies proposed that the beneficial effect of cyanide on germination might involve the cyanide-insensitive pathway ([@bib16], [@bib17]; [@bib50]), the pentose phosphate pathway ([@bib41]; [@bib9]), the glycolysis ([@bib2]) or the hydrolysis of oligosaccharides and their catabolism ([@bib4]; [@bib5]). Cyanide is also known to interact with reactive oxygen species (ROS) metabolism; it is an inhibitor of Cu/Zn superoxide dismutase (SOD) ([@bib6]) and catalase (CAT) ([@bib49]) and it has been demonstrated to induce oxidative stress and lipid peroxidation in animals ([@bib25]; [@bib21]). [@bib31] recently demonstrated that cyanide could trigger protein oxidation during sunflower seed dormancy alleviation. At last, cyanide might also interplay with the ethylene signalling pathway. Indeed, hydrogen cyanide is a co-product of ACC oxidase, which converts ACC to ethylene ([@bib34]), and it has been proposed to stimulate ethylene biosynthesis via a feedback effect ([@bib36]). Thus [@bib44] demonstrated that the ACC synthase gene *ACS6* was activated by cyanide in *Arabidopsis*. However, it is actually not known whether ethylene and cyanide share some molecular components of their downstream transduction pathways.

The putative relationship between cyanide and ethylene signalling pathways might be particularly relevant for sunflower seeds, whose dormancy is broken by ethylene ([@bib12]). The inability of freshly harvested sunflower seeds to germinate at temperatures below *c*. 15 °C results from an embryo dormancy which is gradually eliminated during dry storage ([@bib12]; [@bib11]). Embryo dormancy is characterized by the inhibition of radicle extension thus preventing excised embryos to grow ([@bib18]). Little attention has been paid to the possible role of cyanide in sunflower seed dormancy, despite the close relationship between ethylene and cyanide pathways. Therefore, sunflower seed is a very good model for studying the mechanisms of action of cyanide in seed germination, as related to ethylene. In particular, it could help to get a better understanding of the molecular events occurring downstream of the cyanide signal, and to determine whether it might share some homology with the ethylene transduction pathway. In *Arabidopsis*, ethylene is perceived by a family of five membrane-associated receptors: ETR1, ERS1, ETR2, ERS2, and EIN4 falling into two subfamilies ([@bib52]). ETR1 and ERS1 belong to subfamily 1, and subfamily 2 is composed by ETR2, ERS2, and EIN4 ([@bib29]). The ethylene receptors modulate the activity of the Raf-like kinase CTR1 which is a negative regulator of the pathway ([@bib19]; [@bib24]). Further downstream elements include positive regulators (EIN2, EIN5, EIN6) and transcription factors (EIN3 and EIL1), the former regulating gene expression of other transcription factors such as ERF1 ([@bib22]), which belongs to a large family of 65 ERF genes ([@bib39]). ERF proteins bind to the GCC motif found in the promoter region of ethylene-regulated genes ([@bib20]). ERF genes can also be activated by regulatory compounds such as ABA, jasmonate ([@bib28]; [@bib55]) or salicylic acid ([@bib20]) which suggests that they might play a pivotal role in various cellular transduction pathways. [@bib27] demonstrated that ethylene-responsive element binding protein (EREBP) expression was involved in the regulation of glucanase during tobacco seed germination. Interestingly, recent studies also proposed that ERF genes would play a role in the germination of seeds of other species ([@bib46]; [@bib35]).

The aims of the present study were to investigate whether exogenous cyanide might improve the germination of dormant sunflower seeds and to determine if this effect could result from an interaction with the ethylene biosynthesis or transduction pathway. It is demonstrated that cyanide activates some part of the ethylene transduction pathway but without stimulating ethylene production.

Materials and methods
=====================

Plant material
--------------

Sunflower (*Helianthus annuus* L., cv. LG5665) seeds were harvested in 2005 and 2006 near Montélimar (Drôme, France) and purchased from Limagrain. At harvest, dormant seeds were stored at --30 °C until use in order to maintain their dormancy or stored dry at 20 °C and 75% relative humidity for at least 3--4 months to break their dormancy. All the results presented in this study represent a mean of the data obtained from seeds harvested in both 2005 and 2006.

Germination tests
-----------------

Germination assays were performed with naked seeds (i.e. seeds without pericarp) in darkness in 9 cm Petri dishes (25 seeds per dish, eight replicates) on a layer of cotton wool moistened with deionized water or with various solutions (ACC, AOA, CoCl~2~, and AIB). Petri dishes were placed at 10 °C, a suboptimal temperature for dormant sunflower seed germination ([@bib12]). A seed was considered as germinated when the radicle had elongated to 2--3 mm. Germination counts were made daily for 14 d and the results presented are the means of the germination percentages obtained in eight replicates ±SD as a function of time. Germination speed is also expressed as *T*~50~ which corresponds to the time necessary to obtain 50% germination.

Treatments at various moisture contents
---------------------------------------

In order to equilibrate seeds at various moisture contents, naked seeds were incubated in the presence of appropriate amounts of deionized water in tightly closed glass containers placed on a roller overnight at 10 °C.

Seed moisture content was determined by oven-drying the seeds at 105 °C for 48 h.

Cyanide treatment
-----------------

Sunflower seeds were treated by gaseous 1 mM HCN as described by [@bib3]. Naked dry seeds were placed in a tightly closed container (500 ml) on a layer of cotton wool moistened with deionized water (50 seeds per container). A glass tube containing 5 ml of 0.1 M KCN solution placed in the container was used as a source of gaseous HCN, which was produced by acidifying the KCN solution with 5 ml of lactic acid (10%, v/v). After 1--48 h of treatment in darkness at 10 °C, containers were opened and gaseous cyanide released. Seeds were then rinsed carefully three times with deionized water before germination tests or biochemical analyses.

2,5-Norbornadiene treatment
---------------------------

Treatment or germination of seeds in the presence of 2,5-norbornadiene (NBD) was performed in tightly closed container (500 ml) in which 3.5 ml of NBD was injected. In each container, 50 sunflower embryos were placed on a layer of cotton wool moistened with deionized water at 10 °C.

NBD treatment was also carried out simultaneously with the cyanide treatment in 500 ml containers. After 3 h of treatment in the presence of gaseous HCN and NBD, embryos were rinsed three times with deionized water and placed on a layer of cotton wool moistened with deionized water in the presence of NBD at the same concentration in tightly closed 500 ml containers for germination assay.

Results presented correspond to the means of three replicates ±SD.

Determination of cyanide content
--------------------------------

Measurement of HCN content was carried out according to [@bib30] with some modifications. Naked seeds (0.8 g FW) were ground in a mortar in the presence of 8 ml of 0.02 M NaOH and 2.5 ml of the resulting extract were transferred to the main compartment of a 20 ml Warburg flask. The small chamber in the centre of the flask contained 0.4 ml of 0.4 M NaOH, in order to absorb liberated HCN, and 1 ml of 0.4 M KHSO~4~ was placed in the side arm. The flask was tightly closed and the content of the main compartment was acidified with the KHSO~4~ solution. After 2 h of incubation under agitation at room temperature, the NaOH solution, which absorbed HCN, was used for cyanide determination.

Cyanide content was determined spectrophotometrically, the reaction mixture containing 0.4 ml of 0.4 M NaOH (containing absorbed HCN), 1 ml phosphate buffer solution (0.1 M, pH 5.2), 50 ml of 1% (w/v) chloramine T and 0.6 ml of γ-picoline-barbituric acid reagent. Change in absorbance was monitored at 605 nm after 5 min at 25 °C, and compared with the absorbance obtained with known amounts of KCN.

Results are expressed as μmol g^−1^ DW and correspond to the means of the values ±SD obtained with three replicates from three independent experiments.

Measurement of ethylene production
----------------------------------

The ethylene production was measured with 20 embryonic axes placed in 10 ml flasks containing 200 μl deionized water or ACC solution (1 mM). After 20 min of incubation, flasks were tightly closed with serum caps and placed at 20 °C. After 3 h, a 2.5 ml gas sample was taken from each flask and injected into a gas chromatograph (Hewlett Packard 5890 series II) equipped with a flame ionization detector and an activated alumina column for ethylene determination.

Results are the means of five measurements ±SD and are expressed as nl ethylene h^−1^g^−1^ DW.

Extraction of total RNA
-----------------------

Axes isolated from embryos using a sharp scalpel blade were frozen in liquid nitrogen, and then stored at --80 °C until use. For each extract, 25 axes were ground to a fine powder in liquid nitrogen, and total RNA was extracted by a hot phenol procedure according to [@bib51]. RNA concentration was determined spectrophotometrically at 260 nm.

Design of primers
-----------------

The oligonucleotide primer sets used for real-time qPCR and semi-quantitative RT-PCR analysis were designed on the basis of sunflower gene or EST sequences. ACO primers were chosen in a conserved region (using multiple alignment, ClustalW) between sunflower *ACO1*, *ACO2*, and *ACO3* genes in order to have the whole expression of the three isoforms (GenBank accession numbers: U62555, U62554, L29405). Candidate *ACS*, *ETR2*, *ERF1*, *CTR1*, and *ERS1* sequences were found in the CGP EST database of sunflower (<http://cgpdb.ucdavis.edu/>) using the BLAST algorithm. Names of used EST, homology percentage with other plant sequences, amplified probe length and primer sets sequences are listed in [Table 1](#tbl1){ref-type="table"}.

###### 

Main characteristics of genes and primer sequences used in the present work

  Name of *H*. *annnus* L. gene   GenBank or CGP EST accession number   Amplification product size   Primer sequences                Homology percentage of EST sequences with other plants (plant, accession number)
  ------------------------------- ------------------------------------- ---------------------------- ------------------------------- ----------------------------------------------------------------------------------
  *HaACO*                         L 29405                               124                          Left: GAAGTGTATGGAGCAGAGGTTT    
                                                                                                     Right: GTTGGAGGTAGGGCGATG       
  *HaACS*                         QHG4g06.yg.ab1                        126                          Left: CGGTTATTAGAGGGGGTAGTG     80 (*Arabidopsis thaliana*, NM_116016)
                                                                                                     Right: TATTGTGTCGGGAGGAGGA      
  *HaETR2*                        QHF11C05.yg.ab1                       131                          Left: AGTCGGAAGGCTCTGGTG        77 (*Cucumis sativus*, AB026500)
                                                                                                     Right: TCCTGTGGGATACGGAACT      
  *HaCTR1*                        QHG13O10.yg.ab1                       166                          Left: CCGTCCACTCTCTTGTAGGT      84 (*Arabidopsis thaliana*, At5g03730.1)
                                                                                                     Right: TCGTCGTCTGGCTCTTCT       
  *HaERF1*                        QH_CA_Contig5791                      176                          Left: TCTTGACTCAATCCAACACC      86 (*Arabidopsis thaliana*, AF076278)
                                                                                                     Right: ACTCTTGGTTTTCCACCACT     
  *HaERS1*                        CHA_M2_Contig3981                     346                          Left: GCCTATTTCTCCATTCCGTTG     86 id bp (*Chrysanthemum*×*morifolium*,
                                                                                                     Right: CGTGTCTTCCAGTTTCTTCTTG   AB128828)
  *HaETR1*                        none                                  208                          Left: CCDGTRATTAAYCAAGTKTT      91 (*Arabidopsis thaliana*, NP 176808)
                                                                                                     Right: GAAGGAAGCATCAAWACCAT     
  *HaEF1*                         QH_CA_Contig2764                      159                          Left: TCTCCACTCCTCCAACAC        98 id aa (*Lycopersicon esculentum*, Swissprot
                                                                                                     Right: CTCAATCACTCGCTACACC      accession P17786)
  *Haβ-tubulin*                   QH_CA_Contig4019                      132                          Left: GGCGTCTACCTTCATTGGT       88 (*Arabidopsis thaliana* AAK96884)
                                                                                                     Right: TCCATCTCATCCATTCCTTC     

In addition to a high homology score with the *Arabidopsis thaliana* sequence, *ACS*-like sunflower EST (QHG4g06.yg.ab1) contains an aminotransferase class I and II conserved domain that is *ACS* specific. *ACS* primers were designed in the conserved region of three *Arabidopsis thaliana ACS* (GenBank accession numbers: NM116016, NM 122719, NM 100030) and sunflower *ACS*-like EST sequences to have the total ACS expression. *ERF1*-like sunflower EST displays 86% amino acid homology compared to the *Arabidopsis thaliana* ERF1 sequence (AF076278) and contains an AP2 domain which is a DNA-binding domain found in plant transcription regulators such as EREBP (ethylene responsive element binding protein).

Degenerate primers were designed based on the consensus sequence of *A. thaliana*, *Lycopersicon esculentum*, *Nicotiana tabacum*, *Cucumis melo*, and *Brassica oleracea ETR1* (GenBank accession numbers: NM 105305, U47279, AF022727, AB052228, and AF0447476, respectively) to amplify *ETR1*-like probe from sunflower. Because of the high sequence similarity between *ETR1* and *ERS1*, the primers designed target an *ETR1* sequence out of common sequence with the *ERS1* gene.

The gene-specific primers used were designed with Primer3 Input software. The length of all PCR products ranged from 120 bp to 346 bp. The PCR products were cloned into pCR2.1 vectors (Invitrogen) and sequence analysis confirmed the correct amplicons produced from each pair of primers. Sequences presenting some differences with the corresponding EST, such as *ACS*, *ERF*, and *ERS* and the sunflower *ETR1*-homologue, were referenced in the GenBank database with the accession numbers: EY255087, EY255088, EY255089, and EY255090, respectively.

Real-time quantitative and semi-quantitative RT-PCR
---------------------------------------------------

Total RNA (4 μg) was treated with DNase I (Sigma) and then was reverse transcribed with Revertaid H minus M-MuLV RT (Fermentas) for 2 h at 42 °C. After enzyme inactivation (10 min at 95 °C), the first strand cDNA obtained was checked by 1% agarose gel electrophoresis. The amplifications were performed with real-time PCR (iCycler iQ, Bio-Rad) using 5 μl of 50 times diluted cDNA solution for *HaACO*, *HaACS*, *HaETR2*, *HaERF1*, and 10 times diluted cDNA solution for *HaCTR1*. As an internal standard, a fragment of sunflower β*-tubulin* or *EF1α* gene was used. Real-time PCR reactions were performed with the Absolute qPCR Syber Green Fluorescein mix (Abgene, Epsom, UK) and 0.25 μM of each primer in a 25 μl reaction volume. They were initiated at 94 °C for 15 min followed by 40 cycles at 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 30 s. Calculation of Critical threshold (Ct) and relative expressions of genes were performed using the iCycler iQ software (Bio-Rad).

Semi-quantitative RT-PCR studies were performed for *HaETR1* and *HaERS1* genes. Five μl of 10 times diluted cDNA reaction mix was used in a 25 μl PCR reaction containing 1.5 mM MgCl~2~, 10 pM dNTP mix, 50 pM of each primer, and 1 unit of *Taq* polymerase (Invitrogen). The thermocycling conditions were as follows: 5 min at 95 °C, 25 cycles of 30 s at 94 °C, 30 s at 54°C, and 1 min at 72 °C, and a final extension of 5 min at 72 °C.

Results
=======

Effects of cyanide on germination of dormant seeds
--------------------------------------------------

Freshly harvested naked sunflower seeds germinated poorly at 10 °C ([Fig. 1](#fig1){ref-type="fig"}, curve C), only 30% of seeds being able to germinate after 14 d. Cyanide treatments (1 mM) for 1--48 h strongly stimulated the subsequent germination of dormant embryos at 10 °C. The total population was able to germinate at 10 °C when the duration of the CN treatment exceeded 1 h. The improving effect of cyanide depended on the duration of the treatment. It was optimal after a 3--6 h treatment ([Fig. 1a](#fig1){ref-type="fig"}), the time to obtain 50% germination being then around 2.4--2.6 d ([Fig. 1b](#fig1){ref-type="fig"}). Seeds did not germinate in the prolonged presence of HCN, from 18--48 h ([Fig. 1a](#fig1){ref-type="fig"}), and therefore the *T*~50~ values increased regularly to reach *c*. 6.5 d after 48 h of treatment ([Fig. 1b](#fig1){ref-type="fig"}).

![Effects of 1, 3, 6, 18, 24, and 48 h of HCN treatment (1 mM) of dormant sunflower embryos on the time-course of germination at 10 °C (a) and on the time to obtain 50% germination (*T*~50~) (b) (C, non-treated control embryos placed directly on water). Time 0 corresponds to the beginning of the treatment by HCN of seeds imbibed at 10 °C, for various durations, prior to HCN removal. Means of eight replicates ±SD.](jexbotern089f01_lw){#fig1}

Three hours of treatment with cyanide (1 mM) allowed the germination of dormant embryos at 10 °C whatever cyanide was applied after 1 h to 48 h of seed imbibition on water ([Fig. 2a](#fig2){ref-type="fig"}). This beneficial effect did not require full seed imbibition since it stimulated the germination of dormant embryos treated in the dry state, i.e. at 0.05 g H~2~O g^−1^ DW ([Fig. 2b](#fig2){ref-type="fig"}). However, embryos were able to germinate fully after treatment when their moisture content was above 0.15 g H~2~O g^−1^ DW ([Fig. 2b](#fig2){ref-type="fig"}), the higher the moisture content, the faster the germination.

![Effects of a 3 h treatment with 1 mM HCN applied after various durations of pre-imbibition on water at 10 °C indicated on the graph (1, 3, 6, 24, and 48 h) (a) or applied to embryos equilibrated at different moisture contents (0.05, 0.10, 0.15, 0.20, and 0.25 g H~2~O g^−1^ DW) (b) prior to germination at 10 °C (C, non-treated control embryos placed directly on water). Means of eight replicates ±SD.](jexbotern089f02_lw){#fig2}

Cyanide content in embryonic axis
---------------------------------

Cyanide was not detected in axes isolated from dry dormant and non-dormant embryos ([Table 2](#tbl2){ref-type="table"}). Its content reached very low values, close to 6--7 μmol g^−1^ DW, when embryos were imbibed on water for 3 h or 24 h ([Table 2](#tbl2){ref-type="table"}). Treatment of embryos for 3 h by gaseous cyanide resulted in a dramatic increase in cyanide content, which was much higher in non-dormant embryos than in dormant ones. It subsequently decreased markedly after 24 h of seed imbibition and reached *c*. 94 and 207 μmol g^−1^ DW in dormant and non-dormant embryos, respectively ([Table 2](#tbl2){ref-type="table"}).

###### 

Changes, during imbibition at 10 °C, in cyanide content in axes isolated from dormant and non-dormant sunflower embryos, treated or not by gaseous cyanide (1 mM) during the first 3 h of their imbibition

  Seed          Duration of imbibition (h)   Cyanide content (μmol g ^−1^ DW) of axis isolated from   
  ------------- ---------------------------- -------------------------------------------------------- -------------
  Dormant       0                            nd                                                       --
                3                            6.9±0.9                                                  755.8±15.9
                24                           6.7±0.9                                                  94.0±11.5
  Non dormant   0                            nd                                                       --
                3                            6.9±0.9                                                  1903.5±50.9
                24                           7.9±0.8                                                  207.4±12.5

Mean ±SD of three measurements; nd, non detectable.

Effects of respiratory inhibitors
---------------------------------

In order to determine whether the cyanide improving effect on germination was related to its action on the respiratory pathway, germination assays were performed in the presence of NaN~3~, an inhibitor of the cyanide-sensitive cytochrome oxidase, and SHAM, an inhibitor of the cyanide alternative oxidase ([@bib13]). NaN~3~ (1 mM) stimulated the germination of dormant embryos, but only 56% germinated after 14 d, and the stimulatory effect of cyanide on germination was maintained even in the presence of NaN~3~ ([Table 3](#tbl3){ref-type="table"}). SHAM did not strongly alter the stimulatory effect of HCN. After 3 h treatment in the presence of HCN and SHAM, 88% of embryos germinated after 14 d at 10 °C ([Table 3](#tbl3){ref-type="table"}). SHAM applied alone had no marked effect on germination.

###### 

Germination of naked dormant seeds incubated at 10 °C on water after 3 h of treatment by various compounds

  Treatment                    Germination (%) after          
  ---------------------------- ----------------------- ------ ------
  Water (control)              4±3                     18±3   32±3
  HCN (1 mM)                   76±3                    96±3   98±1
  NaN~3~ (1 mM)                8±3                     40±3   56±3
  NaN~3~ (1 mM) + HCN (1 mM)   38±4                    98±2   98±2
  SHAM (1 mM)                  2±3                     20±3   46±4
  HCN (1 mM) + SHAM (1 mM)     64±3                    78±2   88±2

Mean of 8 replicates ±SD.

Relationship between ethylene synthesis and signalling pathway and cyanide
--------------------------------------------------------------------------

The effect of HCN on the germination of dormant embryos was studied in the presence of inhibitors of ethylene synthesis and perception. Cyanide treatment (3 h) and subsequent germination of dormant embryos at 10 °C were therefore carried out in the presence of amino-oxyacetic acid (AOA), an inhibitor of ACC synthase activity, α-aminoisobutyric acid (AIB) and cobalt chloride (CoCl~2~), inhibitors of ACC oxidase, and 2,5-norbornadiene (NBD), an inhibitor of ethylene action ([@bib26]; [@bib33]; [@bib43]). When applied alone, i.e. without cyanide treatment, AOA and AIB had no significant effect on germination at 10 °C; when CoCl~2~ allowed 54% germination after 14 d ([Table 4](#tbl4){ref-type="table"}). NBD slightly inhibited the germination of dormant embryos at 10 °C. All the inhibitors of ethylene production used did not markedly modify the stimulatory effect of cyanide on the germination of dormant sunflower seeds ([Table 4](#tbl4){ref-type="table"}). On the contrary, the beneficial effect of cyanide treatment was suppressed in the presence of NBD, only 22% of the seed population germinating at 10 °C ([Table 4](#tbl4){ref-type="table"}).

###### 

Germination of dormant embryos, treated or not by cyanide, at 10 °C in the presence of α-aminoisobutyric acid (AIB), amino-oxyacetic acid (AOA), cobalt chloride (CoCl~2~), or 2,5-norbornadiene (NBD)

  Treatment          Germination (%) after          
  ------------------ ----------------------- ------ ------
  None (water)       --                      18±3   32±3
  \+                 96±2                    96±2   
  AOA (1 mM)         --                      14±2   38±2
  \+                 78±4                    98±2   
  CoCl~2~ (1 mM)     --                      22±2   54±2
  \+                 58±4                    78±3   
  AIB (1 mM)         --                      24±2   40±1
  \+                 94±3                    98±1   
  NBD (7 ml l^−1^)   --                      18±1   18±1
  \+                 22±1                    22±1   

Cyanide (1 mM) was applied during the first 3 h of imbibition. Mean of four replicates ±SD.

Cyanide treatment stimulated ethylene production in dormant and non-dormant axes ([Fig. 3a](#fig3){ref-type="fig"}). Although ethylene production was higher in non-dormant axes, this was always very low. Incubation of axes in the presence of ACC resulted in a strong increase in ethylene production ([Fig. 3b](#fig3){ref-type="fig"}), but, conversely to what was observed without ACC ([Fig. 3a](#fig3){ref-type="fig"}), cyanide appeared to have a slight inhibitory effect on ACC conversion to ethylene, either in dormant and non-dormant axes.

![Ethylene emission by dormant (D) and non-dormant (ND) axes isolated from control or cyanide-treated sunflower embryos imbibed for 24 h at 10 °C on water. CN (1 mM) was applied during the first 3 h of imbibition. Ethylene measurements were performed after 5 h incubation at 20 °C of axes excised from embryos in the absence (a) or presence (b) of ACC 1 mM. Means of five replicates ±SD.](jexbotern089f03_ht){#fig3}

Expression of genes involved in ethylene production (*HaACS* and *HaACO*) and signal transduction (*HaETR1*, *HaETR2*, *HaERS1*, *HaCTR1*, and *HaERF1*) was studied by RT-PCR. *HaACS* and *HaACO* expression did not change significantly during after-ripening, but 24 h imbibition of naked seeds on water resulted in a marked increase in the level of their transcripts in the embryonic axes, irrespective of their level of dormancy ([Fig. 4](#fig4){ref-type="fig"}). However, cyanide treatment for 3 h resulted in a lower stimulation of *HaACS* and *HaACO* expression than in non-treated naked seeds.

![*ACS* and *ACO* transcript expression in axes isolated from dormant (D) and non-dormant (ND) sunflower embryos before imbibition (dry) and from control (H~2~O) and CN-treated embryos (HCN) imbibed for 24 h at 10 °C on water. CN (1 mM) was applied during the first 3 h of imbibition. Data from real-time RT-PCR (mean of four biological replicates ±SD) are expressed in arbitrary units.](jexbotern089f04_ht){#fig4}

*ETR1*, *ETR2*, and *ERS1* belong to the family of the ethylene receptors. Expression of *HaETR1* and *HaERS1* did not vary markedly among the various samples used in this study ([Fig. 5](#fig5){ref-type="fig"}). *HaETR2* appeared to be up-regulated during imbibition of seeds on water, but not in the presence of cyanide. *HaCTR1*, a negative regulator of ethylene signalling, was always poorly expressed during seed imbibition ([Fig. 5](#fig5){ref-type="fig"}). The transcription factor *HaERF1* was almost not expressed in dry dormant axes, but its amount increased more than 3-fold during after-ripening ([Fig. 5](#fig5){ref-type="fig"}). Seed imbibition was associated with a dramatic up-regulation of *HaERF1* in dormant and non-dormant embryonic axes, and this effect was magnified by cyanide ([Fig. 5](#fig5){ref-type="fig"}). In dormant imbibed axes, cyanide increased by nearly three times the level of *HaERF1* transcripts.

![*ETR1*, *ERS1*, *ETR2*, *CTR1*, and *ERF1* transcript expression in axes isolated from dry dormant (D) and non-dormant (ND) sunflower embryos before imbibition (dry) and from control (H~2~O) and CN-treated embryos (HCN) imbibed for 24 h at 10 °C on water. CN (1 mM) was applied during the first 3 h of imbibition. Data from real-time RT-PCR (*ETR2*, *CTR1*, and *ERF1*) and semi-quantitative RT-PCR (*ETR1* and *ERS1*) (mean of four biological replicates ±SD) are expressed in arbitrary units.](jexbotern089f05_ht){#fig5}

Discussion
==========

The data presented here show that sunflower embryo dormancy can be broken by gaseous cyanide treatment for as short a time as 1 h, thus allowing subsequent germination at 10 °C ([Fig. 1a](#fig1){ref-type="fig"}), as demonstrated by [@bib31] and they allow a first set of putative mechanisms associated with the effects of this compound on dormancy alleviation to be proposed. Measurements of cyanide contents demonstrated that a 3 h treatment of seeds with gaseous cyanide led to a strong accumulation of this compound in the axis, thus suggesting that cyanide *per se* might be involved in dormancy alleviation. Nevertheless it decreased dramatically after 24 h of imbibition ([Table 2](#tbl2){ref-type="table"}), probably due to the action of detoxifying mechanisms. Surprisingly, cyanide content was more than two times higher in axes isolated from non-dormant seeds than in those isolated from dormant seeds, reaching a very high level that was potentially toxic for the cells ([Table 2](#tbl2){ref-type="table"}). Cyanide treatments longer than *c*. 6 h were associated with a decrease in germination rate ([Fig. 1b](#fig1){ref-type="fig"}), which is in agreement with the data obtained with other species showing that, at high concentrations, cyanide has to be removed from the germination medium in order to promote germination ([@bib8]). Cyanide treatment carried out after various durations of imbibition ranging from 1 h to 48 h resulted in the same stimulatory effect on germination ([Fig. 2a](#fig2){ref-type="fig"}), which demonstrates that dormant embryos do not present a time window of cyanide sensivity during imbibition. On the contrary, the responsiveness of dormant seeds to a short treatment (1--3 h) with 50 ppm ethylene depends on the time at which it is applied during imbibition, being optimal after about 2 d of pre-imbibition on water ([@bib11]). In addition, the beneficial effect of cyanide did not require full seed imbibition, since it was effective in promoting germination at 10 °C when embryo moisture content was as low as 0.05 to 0.10 g H~2~O g^−1^ DW ([Fig. 2b](#fig2){ref-type="fig"}). This improving effect probably results from gaseous cyanide trapped in the dry tissues during the treatment, which would become effective during subsequent seed imbibition at 10 °C. The respiratory inhibitors NaN~3~, an inhibitor of cytochrome oxidase, and SHAM, an inhibitor of cyanide-resistant alternative oxidase, were unable to mimic or to inhibit the beneficial effect of HCN on the germination of the dormant embryos ([Table 3](#tbl3){ref-type="table"}). These results rule out a direct effect of cyanide on respiration, through the control of oxidative electron transport, for example, inhibition of cytochrome oxidase or/and induction of an alternative, CN-insensitive pathway ([@bib17]), or on the regulation of metabolic equilibrium, for example, glycolysis versus the pentose phosphate pathway ([@bib16]), as a mode of action for alleviating dormancy, as previously postulated for seeds of cocklebur ([@bib15]; [@bib50]), cereals ([@bib41]; [@bib8]; [@bib9]), or apple ([@bib2])

Among the possible mechanisms of cyanide action in plants, its interplay with ethylene metabolism has often been cited, mainly because cyanide is a co-product of ethylene biosynthesis ([@bib34]). Oxidation of ACC leads to ethylene and cyanoformic acid, which is subsequently converted to CO~2~ and hydrogen cyanide. Moreover, hydrogen cyanide by itself has been demonstrated to be involved in the ethylene biosynthesis pathway, through the stimulation of the *ACS* gene, for example ([@bib44]). None of the compounds inhibiting ethylene production through their action on *ACS* (i.e. AOA) or *ACO* (i.e. CoCl~2~ and AIB) was able to suppress the beneficial effect of cyanide on the germination of dormant embryos ([Table 4](#tbl4){ref-type="table"}). Germination occurred slowly in the presence of AOA and AIB, but was complete after 14 d at 10 °C ([Table 4](#tbl4){ref-type="table"}), and was only slightly reduced in the presence of CoCl~2~ ([Table 4](#tbl4){ref-type="table"}). This suggests that cyanide probably does not act on the germination of sunflower seeds through the stimulation of ethylene biosynthesis. Measurements of ethylene production and determination of the expression pattern of genes coding for the two main enzymes involved in ethylene biosynthesis, i.e. *ACS* and *ACO*, confirmed this hypothesis ([Figs 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}). Cyanide did not markedly promote ethylene production in dormant axes, or at least not enough for this compound to allow their germination ([Fig. 3](#fig3){ref-type="fig"}). Indeed, [@bib12] demonstrated that ethylene stimulates the germination of dormant sunflower seeds at concentrations higher than 1 ppm when applied for a sufficient length of time, i.e. around 24 h. These conditions are therefore far from the one used in this study, since cyanide treatment, and therefore associated ethylene production, lasted for only 3 h before its removal. In addition, when isolated axes were incubated in the presence of ACC solution, cyanide slightly inhibited ACC-dependent ethylene production ([Fig. 3b](#fig3){ref-type="fig"}) suggesting that the improving effect of CN did not result from a stimulatory action of this compound on *ACO* activity. These data also demonstrate that cyanide even has an inhibitory effect on the expression of *HaACS* and *HaACO* ([Fig. 4](#fig4){ref-type="fig"}), conversely to what was shown by [@bib44] in *Arabidopsis* plants. This inhibitory effect of CN on *HaACS* and *HaACO* expression emphasizes the fact that CN does not act through the stimulation of the ethylene biosynthesis pathway. Various studies have indicated that ethylene could regulate its own synthesis through the stimulation of ACO activity, as for example in leaves of citrus ([@bib40]) or in epicotyls of pea seedlings ([@bib42]). However, in sunflower seeds, [@bib10], using CO~2~, an inhibitor of autocatalytic ethylene biosynthesis, suggested that this pathway did not exist and one can therefore exclude any feedback effect of accumulated ethylene on ACS and ACO activity or expression.

Since the stimulatory effect of CN was suppressed in the presence of NBD, an inhibitor of ethylene action ([Table 3](#tbl3){ref-type="table"}), the expression of different genes involved in ethylene signal transduction (*ETR1*, *ETR2*, *ERS1*, *CTR1*, and *ERF1*) was investigated in the axes of embryos treated or not by cyanide for 3 h. Expression of *HaETR1* and *HaERS1*, which belong to the subfamily 1 of ethylene membrane-associated receptors ([@bib52]), was roughly similar and almost unchanged whatever the treatment, whereas expression of *HaETR2*, a member of subfamily 2, was stimulated during imbibition on water, but not in the presence of cyanide ([Fig. 5](#fig5){ref-type="fig"}). Similarly, expression of *HaCTR1*, the negative regulator of ethylene signalling acting downstream of the receptors, was neither induced nor repressed by the cyanide treatment. These results show that the stimulatory effect of cyanide on germination is not associated with either induction or repression of ethylene receptors genes or of the next downstream component (i.e. *HaCTR1*). It is nevertheless difficult to compare the changes in expression induced by HCN to those induced by ethylene, which appear to be somewhat unpredictable. For example, in *Arabidopsis*, ethylene induces the expression of *ERS1* and *ETR2* ([@bib23]), but represses that of *ETR1* ([@bib38]). However, [@bib37] recently proposed a differential role to the genes belonging to subfamilies 1 and 2 in ethylene perception and transduction. Genes belonging to family 1 seem to have a predominant role in ethylene perception since loss of both *ETR1* and *ERS1* results in a strong constitutive ethylene-response phenotype. This could explain in part why the different ethylene receptors do not share a common expression pattern in the presence of ethylene, or as shown here, during seed germination. Although our data clearly show that cyanide does not act at the transcriptional level on ethylene receptors, its beneficial effect on germination nevertheless requires functional ethylene receptors, since cyanide is not active in the presence of NBD ([Table 3](#tbl3){ref-type="table"}). This therefore suggests that at least the first steps of the cyanide signal transduction pathway would be common with those of ethylene, but without requiring an active transcription of the receptor genes.

Expression of *HaERF1* ([Fig. 5](#fig5){ref-type="fig"}), a transcription factor belonging to the ethylene response factor family, also suggests an overlap of the ethylene and cyanide pathways. Imbibition of either dormant or non-dormant seeds dramatically enhances *HaERF1* expression, but it must be noted that the *HaERF1* transcript was initially present at a very low level in dry seeds. This increase in *HaERF1* expression was magnified in the presence of gaseous cyanide ([Fig. 5](#fig5){ref-type="fig"}), thus suggesting that the CN effect on dormant seed germination might involve activation of the transcription factor *HaERF1*. *ERF1* and the other related genes from this family are known to be key actors of plant responses to ethylene ([@bib7]). For example, overexpression of *ERF1* confers constitutive ethylene responses in *Arabidopsis* ([@bib45]). It is therefore postulated that *ERF1* is a common component of the ethylene and cyanide pathways. This finding is in agreement with other data which demonstrate that ERF was also activated by jasmonate ([@bib28]; [@bib54]), ABA ([@bib55]; [@bib53]) or salicylic acid ([@bib53]; [@bib54]), thus confirming that different hormone signalling pathways come together to ERF protein. Besides their central role in the cross-talk of hormonal pathways, ERFs are involved in plant tolerance to various biotic or abiotic stresses ([@bib32]; [@bib47]) but also in some developmental processes, such as seed germination ([@bib46]; [@bib35]). [@bib27] hypothesized that EREBP-3 and EREBP-4, two members of the ERF family in tobacco, were playing a pivotal role in the response to ethylene during tobacco seed germination. The role of ERF in germination is confirmed in this study since the amount of *ERF1* transcripts is higher in germinating sunflower seeds, i.e. non-dormant seeds, than in the dormant seeds ([Fig. 5](#fig5){ref-type="fig"}). Finally, it must also be emphasized that dry afterripening was associated with a marked increase in ERF transcription. Even if the levels of expression were rather low in the dry seeds, non-dormant axes contained five times more ERF transcripts than dormant ones ([Fig. 5](#fig5){ref-type="fig"}), thus underlining again that changes in gene expression may occur in anhydrobiosis, as already suggested by [@bib14] with seeds of the same species. This increase in expression of *HaERF1*, which governs the transduction of many signals, is particularly interesting.

In conclusion, this work allows a new mechanism of action of cyanide in seed dormancy alleviation to be proposed, which does not involve ethylene production but the ethylene transduction pathway, in particular through the regulation of *HaERF1* transcription. Our results also underline the possible pivotal role of *ERF1* in cross-talk between hormones and the regulation of developmental mechanisms. Future work aims to investigate whether cyanide signalling also interferes with ROS signalling, as recently suggested by [@bib31].
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